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ABSTRACT
Essink, Brittany C. M.S., Purdue University, May 2014. Blast Energy Mitigation in
Porous Rocks. Major Professor: Weinong W. Chen.
Geo-materials are commonly used and sought after for blast mitigation applica-
tions due to their wide availability and low cost compared to industry trademarked
materials. Characterization of these natural geo-materials such as volcanic rocks is
of paramount importance in determining their blast mitigation capabilities. While
there is a large amount of information available for materials such as concrete or sand
blasts, information on the properties of volcanic rocks is far more scarce. This lack
of data is due to the wide range of existing natural volcanic rocks and the variation
in the minerals and pore structures of the rocks.
In this thesis, silicate volcanic rock samples are characterized both through static
and dynamic experimental methods. Initial X-ray powder diffraction scans have been
conducted and analyzed to obtain the mineral composition information of the rock
samples. Additional tomographic scans under quasi-static loading have been recorded
to better understand the internal composition of the material pore structure and the
material fracture.
For this study, standard compression experiments were conducted at two separate
strain rates for ten samples each on a UTM test frame to characterize the behavior
of the rock under quasi-static conditions. High strain rate uniaxial compression tests
were conducted for three strain rates using a split-Hopkinson pressure bar with pulse
shaping to determine the dynamic response of the material. The stress-strain data
from the experiments was used to determine the modulus of toughness of the ma-
terial. Due to the high porosity and heterogeneity of the material, 25 samples were
x
used for dynamic experimentation to attempt to capture and minimize the effects of
scatter in the natural material.
High speed photography was used to capture the sample deformation during two
separate strain rates and to visualize crack propagation and strain rate in the samples.
It was found that after an initial yielding, the material is able to withstand a sustained
loading which is desirable for materials used in blast loading applications. Another
desirable trait that was observed in this material is that higher strain rates provide a
higher sustained stress value. Further dynamic experiments on the rock with larger
strains are necessary to completely compare the energy absorption capabilities of the
material at high strain rates.
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1. INTRODUCTION
Determination of material properties and impact resistance for geo-materials has be-
come important due to the need for protective structures in civilian and military
applications. These materials include soil, rock, and sand, as well as concrete. Previ-
ous studies have proven some of these materials to be effective in shock isolation and
penetration resistance under ballistic impact loading conditions [1]. These materials
are in high demand due to the fact that they are widely available as well as affordable.
If proven to be effective in blast mitigation, these geo-materials may be used in con-
struction for strategically important structures. To effectively employ these materials
to defeat various threats of blasts and projectile impacts, their high-rate response to
impact loading must be determined. With the increased interest in the use of these
materials also comes the increased need for constitutive models representative of the
mechanical behavior of these materials over the range of conditions of interest.
1.1 Dynamic Experiments
While geo-materials such as concrete and sand are often considered for blast load-
ing situations [1] [2] [3], naturally forming rocks are more often observed for quasi-
static loading or natural disasters with more recent investigation into energy absorp-
tion [4], [5].
Naturally forming volcanic rocks have even less investigation beyond natural dis-
asters and quasi-static loading. Dynamic characterization of these materials can prove
difficult due to the wide range of minerals contained in these specimens. Through
the use of a split-Hopkinson pressure bar (SHPB), reliable stress-strain data has been
obtained in other heterogeneous materials at high strain rates [4], [5].
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The split-Hopkinson pressure bar was an adaptation made to the Hopkinson pres-
sure bar by H. Kolsky. This adjustment used two Hopkinson bars in series [6] where
a sample is sandwiched between two Hopkinson bars and impacted in order to collect
strain rate dependent stress-strain curves. The SHPB is typically used to character-
ize material properties from strain rates ranging from 102 s−1 to 104 s−1. Additional
modifications to SHPB setups have been made to characterize materials not only in
compression, but also in tension, shear, torsion, or a combination of loadings [7].
1.2 Analytical Studies
Empirical models to attempt to encompass all types of heterogeneous rocks have
been created based on creation of variables of key parameters for each type of material.
These key parameters are representations of what is deemed to be the most important
physical or chemical factor to affect the strength of the rock. A material may not
be limited to only one key factor, but may instead have dependency on multiple key
variables. The reasoning behind including this parameter is to try to minimize the
effect that the heterogeneity of the material has on its strength [8].
Specific examples for this parameter are density, percentage of impurities, porosity,
pore size, moisture content, and welding or grain bonding for volcanic or metamorphic
rocks. Results from material characterization experiments are necessary to apply
these methods for creating modeling equations. Multiple experiments or iterations
may be necessary to determine what parameters have the largest effect on material
property results [8].
As the need for models of materials in different types of environments changes,
more key parameters and terms can be added to the constituent equation. A separate
numerical method for finite element modeling and structural analysis of heterogeneous
materials has been discussed and investigated in [9].
In general, there are two main approaches to modeling random heterogeneity in a
material. One method is called the direct approach, where each piece of the material,
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from the matrix to the interfaces between the matrix and the larger materials are
directly modeled using finite element methods. All pieces are explicitly created and
assigned material properties. Randomness is injected into the simulation by varying
the phases in the material and randomizing the location and shapes of larger grained
minerals.
The second method is called the indirect approach, where material properties are
considered to vary throughout the area and thickness of the sample. Both methods
are widely used in numerical modeling and there are benefits and trade-offs to each
method.
1.3 Statement of Objective
The aim of this thesis is to provide a basis for creating a constitutive model for
this volcanic rock material. The data collected on this material is all experimental
work.
Since this rock sample is not synthesized in a lab, initial determination of the min-
eralogical composition through X-ray powder diffraction is necessary to first under-
stand what specific materials lie within the specimen. X-ray tomography techniques
will also be used to visualize the internal structure and pore distribution of the ma-
terial as well as for viewing the material structure and fracture under quasi-static
loading.
Quasi-static and dynamic experiments are used to characterize the material and
determine the stress-strain information. Material rate dependent behaviors are also
analyzed by conducting experiments at varying strain rates. Dynamic conditions will
be created through the method of uniaxial loading using a split-Hopkinson pressure
bar. High speed imaging of specific strain rates is also used to visualize the rock
behavior during experimentation.
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The final goal is to determine the energy absorbed by the material in each type of
experiment. This is done by determining the modulus of toughness for each experi-
ment and adjusting this value for the volume of the sample material. The calculated
modulus will be compared for each of the strain rates.
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2. EXPERIMENTAL SETUP
2.1 Material Characterization and Imaging
2.1.1 X-Ray Powder Diffraction
Since the rock samples used for experimentation are naturally occurring and not
synthesized in a lab, it is important to determine the minerals present in the sam-
ples. X-ray powder diffraction has advantages over other methods of determining the
minerals present in rock samples. The application of this method is independent of
grain size when a representative sample of the material is used, there is a low rate
of incorrect identification of components, and it is possible to adapt the method to
batch processing [10].
When waves scattering from an object interfere with each other both construc-
tively and destructively, diffraction takes place. The distance between wave peaks,
or wavelength is how waves are characterized. William Henry Bragg discovered that
crystalline solids had unique patterns of reflected X-rays. He showed that the diffrac-
tion could be explained by modeling the individual crystals as a set of discrete parallel
planes with a constant of separation. Peaks in the patterns occur when the reflec-
tions off of these crystal planes interfere constructively, or when the phase shift is a
multiple of 2π. This is the basis of Bragg’s law which is given by
nλ = 2dsinθ (2.1)
where n is an integer number, λ is the wavelength, d is the spacing between the planes,
and θ is the angle between the X-ray and the planes in the crystal [11].
In X-ray powder diffraction, the intensity of the diffracted beam, as well as the
diffraction angle becomes important for determining the structure of a crystal.
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Materials can be identified through their diffraction pattern because no two materials
return the same pattern.
Due to the fact that most materials are not only made of a single crystal, a
powdered version of the sample can be used to find the individual minerals in the
sample. Powder diffraction produces a diffraction pattern comprised only of each
different interatomic plane reflected at its characteristic diffraction angle, θ. In order
to view all of the possible diffraction peaks from the orientations of the crystals in the
material, the angle between the X-ray detector and the specimen should be changed
to 2θ [11].
A common problem encountered in diffraction patterns of naturally occurring rock
samples is that of peak overlap. This overlap hides free-standing peaks commonly
used in individual material analysis. This problem is easily overcome by analyzing the
entire diffraction pattern instead of only the free-standing peaks. Computer databases
containing diffraction patterns for common materials also aid in the analysis of the
total pattern [10].
X-ray powder diffraction was completed using a Cu Kα source at 40 keV. A test
specimen was pulverized into a fine powder and measured from 10◦ to 80◦ 2θ at a
rate of 2◦/min. The entire diffraction pattern was compared to a database of mineral
diffraction patterns using the software package included with the XRD instrument.
2.1.2 X-Ray Tomography
Originating as a way to image soft tissue and bone in the medical field [12], X-
ray tomography is a nondestructive way to view internal features of solid materials.
X-rays are aimed at an object from different angles which are acquired by multiple
detectors that measure the attenuation of the X-ray intensity and the rotation of the
object.
Two-dimensional tomographic images of the object, called slices, are images through
the thickness of a sample. Each slice is made of volume elements (voxels) and
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represents a specific thickness of the object. These slices can be reconstructed to
analyze the interior of a solid, or to create a three-dimensional representation of the
object [12].
When X-rays penetrate the specimen, attenuation of the signal occurs due to scat-
tering and absorption of the rays. The attenuation through a homogenous material
is given by Beer’s Law
I = I0e
(−µx) (2.2)
where I0 is the initial X-ray intensity, µ is the coefficient of linear attenuation for the
material, and x is the length of the X-ray path through the material.
If, as in the case of this volcanic rock, the material is made of multiple different







with i being the increment of the individual material. Due to the fact that the
attenuation constant is a function of the X-ray energy, the equation over the range









Most techniques for image reconstruction use Eq. 2.3 because Eq. 2.4 is usually
only a theoretical estimation due to off-center angles in certain types of tomography.
By using Eq. 2.3, a solution can be found by finding a value for each pixel thereby
providing a solution that is independent of a range of energy [12].
The detectors count flashes of light from scintillating materials which flash when
hit with X-rays. The image quality is highly dependent on the size and quantity of
detectors, as well as how quickly they can detect the energy spectrum of the source.
A larger number of detectors means more data can be collected at the same time.
Using a synchrotron light source creates a better quality image while also lowering
the time needed to collect data when compared with other types of sources. A higher
range of capabilities for experiments is also possible when using a synchrotron source.
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Since these sources use a monochromatic beam, beam hardening effects, which prove
a difficult problem for geological specimens, are eliminated [13].
X-ray tomography scans of the silicate volcanic rock were obtained using a 30 keV,
white X-ray beam and a scintillator. A camera with a charged-coupled device sensor
recorded the images, and higher contrast was obtained by using synchrotron X-ray
phase contrast imaging. The uncompressed rock sample was scanned to obtain the
slices for the original shape. Compressive loading was then applied, and another scan
was taken at 15 N load. Both of the scans used an exposure time of 0.3 s per image
and a rotation velocity of 0.36 s−1 of the rotating stage to take 1800 high resolution
projection images.
2.2 Universal Testing Machine Setup
In order to characterize the material properties, quasi-static loading data needed
to be obtained. A universal testing machine with compression platens was used to
collect data at rates of 10−3 s−1 and 101 s−1. A photograph of the setup can be seen
in Fig. 2.1. For these experiments, the samples used were of the same dimensions for
the dynamic experiments to keep consistency of results.
9
Figure 2.1. UTM experiment setup
After placing the sample in the center of the lower platen, the lower surface was
raised until the sample was almost in contact with the top platen. Software provided
by the testing machine company was used to obtain the 10−3 s−1 strain rate data
and an oscilloscope was used to collect the 101 s−1 data. The oscilloscope was used
because the time of experimentation is too fast for the testing machine software to
collect an adequate amount of data points. Using an oscilloscope for data collection
avoids data aliasing during analysis.
10
2.3 Split-Hopkinson Pressure Bar Method
A traditional split-Hopkinson pressure bar (SHPB) experimental method uses
striker, incident, transmission, and momentum bars. A diagram of the setup can be
seen in Fig. 2.2.
Pressure Gun
Striker Bar Incident Bar Transmission Bar Momentum Bar Momentum Trap
Specimen
Figure 2.2. Traditional split-Hopkinson pressure bar setup
Experimentation using the bar requires the use of a pressure gun to fire the striker
bar into the incident bar. This creates an elastic stress wave which moves through the
incident bar toward the specimen placed between the incident and the transmission
bar. An impedance mismatch between the specimen and the incident bar causes part
of the stress wave to continue through the specimen and into the transmission bar
while the other part of the wave reflects back through the incident bar. Once the wave
travels through the transmission bar, it reaches the momentum bar which slows down
the wave. An oscilloscope is used to capture the wave data collected by strain gages
located on the incident and transmission bars. The strain gage on the incident bar
measures the incident and reflected pulses, while the strain gage on the transmission






















Figure 2.3. Raw SHPB signal
In order to calculate the stress and strain histories of the material, the raw pulses
from the strain gages must be synchronized. This is due to the fact that the equations
used to calculate the material histories are for the locations where the sample meets
the bar ends, while the reflected and transmitted signals are measured at different
locations [14].
In order to synchronize the three signals (incident, reflected, and transmitted),
the starting time for the incident pulse needs to be estimated. Once this point is
chosen, the starting points for the reflected and transmitted pulses can be found by











where TI , TR, and TT are the start times of the incident, reflected, and transmit-
ted pulses, respectively. L0 and L1 are the distances from the strain gages to the
specimen/bar interfaces on the incident and transmission bars, respectively. These
distances can be seen in Fig. 2.4. The wave speed in the sample material is given by




Figure 2.4. Distances between strain gages and specimen/bar interfaces
The synchronized pulses can then be used to find the strain rate (ε̇), strain(ε),














EB[εI(t) + εR(t) + εT (t)] (2.9)
where εI , εR, and εT are the strain amplitudes of the incident, reflected, and trans-
mitted pulses measured by the strain gages. AB, EB, and CB are the cross-sectional
area, Young’s modulus elastic wave speed of the bar material. As and Ls are the
specimen cross sectional area and length.









If the assumption that the specimen is in stress equilibrium is valid, the sample will
deform uniformly.
σ1 = σ2 (2.12)
If dynamic equilibrium in the specimen is satisfied,
εI + εR = εT (2.13)
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From these equations, the stress and strain relations for the specimen can be ob-
tained.
Pulse Shaping
The short rise time of the incident pulse generates high-frequency elements in
the signal, leading to oscillations in the measured data known as Pochhammer-Chree
oscillations. An example of these oscillations appear in Fig. 2.5. The high-frequency
elements in the pulse travel at a slower speed than the lower frequency elements.
This change in speed causes dispersion in the waves which alters the pulse shapes
measured by the strain gages. In order to correct these oscillations, the rise time of
the incident pulse must be increased either by experimental methods during the time
of the experiment or through data corrections after completion [15].
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Figure 2.5. Oscillations in strain gage signal [16]
Incident Bar
Striker Bar Pulse Shaper
Figure 2.6. Pulse shaper on striker bar
An experimental method called pulse shaping is where a thin disc shaped material
is fixed to the impact side of the incident bar using a thin layer of lubricant. A diagram
of the attached pulse shaper is shown in Fig. 2.6. When impacted, the disc material
deforms and increases the rise time of the incident pulse therefore decreasing the
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oscillations. A sample of the pulse shaped raw pulses appears in Fig. 2.3. Since the
pulse shaper deforms during the experiment, a new pulse shaper is used for each
experiment. The 103 s−1 strain rate experiments use a brass pulse shaper with a
diameter of 7.14 mm and a thickness of 0.76 mm while the 3 × 102 s−1 strain rate
experiments use a copper pulse shaper with a diameter of 6.35 mm and a thickness
of 0.81 mm. The 101 s−1 strain rate experiments used a copper pulse shaper with a
diameter of 5.56 mm and a thickness of 0.81 mm.
2.4 Specimen Preparation
The specimen material in its natural rock form needs to be portioned into smaller
pieces first by using a hammer and a chisel. These pieces are then sectioned into even
smaller pieces using a benchtop sectioning machine with silicon carbide blades and
water cooling. These smaller chunks are now of adequate size to create the precision
samples needed for SHPB experiments.
Typical specimen geometries for SHPB experiments are of a cylindrical shape.
Unfortunately, when attempts were made to use a core drill on the rock sample, the
material was reduced to powder. For this reason, square shapes were used for the
impact faces. Square cross-sectional shapes for SHPB experiments have been inves-
tigated with evidence that there is very little change in the stress-strain data when
compared to circular cross-sections of the same material [17].
A two blade gang sawing method and diamond wafering blades are used to ma-
chine parallel rock faces with a thickness of 6.35 mm. Spacers between the blades are
used to create the desired thickness of the sample and keep the blades steady while
in motion. Water is again used for lubrication during the cutting. The samples are
then sized to dimensions of 12.7 × 12.7 mm using a single diamond wafering blade.
A typical sample can be seen in Fig. 2.7. The specimens are left overnight to dry
before being used for experimentation. Since the volcanic rock has a high porosity, no
lubrication is used on the contact faces to ensure that the material properties are not
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changed by lubricant filling in the voids. To create the powder diffraction samples,
the precision samples are ground into a fine powder before experimentation.
Figure 2.7. Typical volcanic rock sample
From Fig. 2.7, the phenocrysts, or crystals larger than the matrix or groundmass
of the rock, can easily be seen without a microscope. The original rock sample is
composed of these phenocrysts interspersed throughout a fine-grained matrix.
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3. RESULTS AND DISCUSSION
3.1 X-Ray Results
3.1.1 X-Ray Powder Diffraction
In order to determine the mineral information for the rock sample, X-ray powder
diffraction was used. From these scans, computer databases of material diffraction
patterns were used to compare to the total scan. Fig. 3.1 and Fig. 3.2 are powder
diffraction patterns from two samples taken from different locations in the rock. The








































Figure 3.1. X-ray powder diffraction pattern: sample 1
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Tridymite - O - SiO2
Microcline - KAlSi3O8
Diopside - CaMg(SiO3)2
Figure 3.2. X-ray powder diffraction pattern: sample 2
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Sample 2 contains Tridymite-O which is a polymorph of quartz. This means that
the mineral has the same chemical formula, but a different crystal structure causing
it to have different diffraction peaks.
This volcanic specimen is composed of mostly silicate minerals. The composition is
consistent with the classifications for igneous rocks. Due to the heterogeneous nature
of the material, scans from different areas of the main rock specimen contain different
minerals. The rock could be classified using common geological nomenclature by
finding the percentage of each mineral contained in the rock. This, however, is not
possible from the current scans.
3.1.2 X-Ray Tomography
Fig. 3.3 displays slices through a rock specimen at an unloaded configuration and
with 15 N of applied load. The slices are from the same location though the thickness




Figure 3.3. X-ray tomography
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The tomography photographs depict the high porosity and non-uniformity of the
pores in the material. Under 15 N of compression, a crack appears in the sample which
expands through its depth. Comparing the pores of uncompressed and compressed
photos shows that on average, the pore size increases under compression. The three-





Figure 3.4. X-ray tomography 3-D reconstruction: X-direction
The arrows in Fig. 3.4 are pointing to the same pore uncompressed and under
15 N of compressive loading. The pores appear to have increased in size under the
loading. Fig. 3.5 shows the failure cracks that appear in the in the sample when under








Figure 3.5. X-ray tomography 3-D reconstruction: Y-direction
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3.2 Uniaxial Compression Experiments
It is of interest to note that the stress strain curves for this rock display a quick
initial yield point with a prolonged plateau region similar to curves obtained for
foam [18]. Although there was a failure point in most of the samples around or before
5% strain, the samples were still able to sustain loading after this point in time.
Compressive strains in excess of 50% have been observed in this material during
quasi-static loading with little indication of ultimate material fracture.
The sustainable loading progression was not uniform between samples due to the
heterogeneous nature of the natural material. An inspection of the sustained loading
allows the observation that the dynamic experiments experienced higher sustained
stress levels. Due to the heterogeneous nature of the volcanic rock, reproducibility is
difficult which is why 25 samples for the dynamic testing and ten specimens for each
of the lower rates were used for experimentation.
3.2.1 Quasi-Static Strain Rates: UTM Experiments
Fig. 3.6 and Fig. 3.7 show the stress-strain curves obtained from the 10−3 s−1 and
101 s−1 quasi-static experiments. Each curve shows the results of one sample at the
noted strain rate. It should be also be noted that the axis depicting the strain in the
sample is in units of 100, not in microstrain.
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Figure 3.6. Stress-strain plot 10−3 s−1 strain rate
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Figure 3.7. Stress-strain Plot 101 s−1 strain rate
These experiments were conducted up to approximately 50% strain in the samples.
While some of the samples appear to have fully compressed, other samples in both
the 10−3 s−1 strain rate and 101 s−1 strain rate completed the experiment without
indicating signs of ultimate failure.
3.2.2 Dynamic Strain Rates: Split-Hopkinson Pressure Bar Experiments
The dynamic strain rate experiments have a wide scatter in their results, but still
display the same overall trend of an initial yield followed by a plateau. The pulse
from the 3×102 s−1 strain rate plots was too short to be able to see the higher strain
values in the specimen.
For the 102 s−1 experiments, only five samples were used. This is due to the
fact that a constant strain rate was not achieved throughout the experiment. While
usually the strain rate inconsistencies are still uniform for each sample and can be
made constant by pulse shaping methods, the strain rates in these samples were
26
inconsistent and using another method of experimentation is recommended for achiev-



























Figure 3.8. Stress-strain plot 102 s−1 strain rate
Fig. 3.9 shows the inconsistent strain rate in the 102 s−1 experiments. This is



















Figure 3.9. Strain rate plot 102 s−1 strain rate
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Figs. 3.10 and 3.11 display the stress-strain curves obtained from the 3 × 102 s−1
and the 103 s−1 strain rate experiments. While there is a large amount of scatter
in the data, the results demonstrate the material has a large stress plateau, which is
















































Figure 3.10. Stress-strain plot 3 × 102 s−1 strain rate
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Figure 3.11. Stress-strain plot 103/s strain rate
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As can be seen in Fig. 3.11, the rock again initially yields and is able to withstand
loading. For some samples, as the material reaches the higher strains, the stress it is
able to withstand further increases past the plateau stress value. The material is still
able to withstand loading at high strains at high strain rates. This property is also
desirable in a material used for blast loading applications.
3.2.3 Data Distribution
In order to determine if there is a distribution to the maximum stress obtained

























































Figure 3.12. Histograms of maximum stress for experiments
Based on the histograms, there does not appear to be a definitive distribution to
the data. If more experiments are completed it may be possible to find an identifiable




High speed images of samples at strain rates of 102 s−1 and 3 × 102 s−1 were
captured during SHPB experimentation. The non-uniform strain rate experienced
during the 102 s−1 experiments is shown in Fig. 3.13. In frame 2 of Fig. 3.13, initial
crack growth appears in the sample. The bottom part of the sample is where the
specimen ultimately shatters, but the main portion of the sample remains intact
after completion of the experiment.
Figure 3.13. High speed imaging 102 s−1 strain rate
Fig. 3.14 displays the high speed images for a 102 s−1 strain rate SHPB experiment.
The initial crack growth is visible in frame 2 of Fig. 3.14. Under this strain rate, the
sample is pulverized by the incident bar and no large sample pieces remain after
completion of the experiment.
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Figure 3.14. High speed imaging 3 × 102 s−1 strain rate
33
3.4 Energy Absorption Analysis
The modulus of toughness is a property that can be used to assess the shock
mitigation quality of a material. The energy absorption is the area under the stress-




Figure 3.15. Modulus of toughness
The equation used to find the energy absorbed by a material is given by




with units of amount of energy stored per unit volume. Data for the stress strain
curves obtained from the dynamic and quasi-static experiments are listed in tables 3.3
through 3.7. The data listed in these tables corresponds to the stress-strain curves
presented in Figures 3.6 through 3.11.
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Table 3.3 Energy absorption data: 10−3 s−1 strain rate















Table 3.4 Energy absorption data: 101 s−1 strain rate
















Table 3.5 Energy absorption data: 3 × 102 s−1 strain rate






























Table 3.6 Energy absorption data: 103 s−1 strain rate






























3.4.1 Comparison of Strain Rates and Absorption Data
The averages of the stress-strain data for the experiments with constant strain
rates were computed and are displayed in Fig. 3.16. From this graph, the differences
in the plateau stress between the quasi-static and dynamic experiments are easier to
visualize.





















Figure 3.16. Average stress-strain plot
Table 3.7 Average strain rate energy absorption data








3 × 102 2.191 2.304
103 2.744 2.941
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Table 3.7 provides the modulus of toughness and energy absorption data for the
constant strain rate experiment averages. The modulus of toughness and energy ab-
sorption values are consistent with the differences between the quasi-static and the
dynamic experiments.
The standard deviations for each average curve are listed in Table 3.8. The portion
of the stress-strain curve before the initial yield stresses are not within the standard
deviations for any other curve, but the plateau portions for the 10−3 s−1 and 101 s−1
strain rates are within one standard deviation of each other. The 3 × 102 s−1 and
103 s−1 strain rates are also within one standard deviation of each other for the
plateau region. Although the data becomes more uniform in the plateau regions,
there is still a gap between the quasi-static and dynamic stress plateaus that could
possibly be filled by investigating additional strain rates.
Table 3.8 Standard deviations for average stress-strain data




3 × 102 2.424
103 2.134
Due to the differences in strain values obtained for the experiments, a true com-
parison between the high strain rate experiments is difficult to make. It would be of
interest to obtain higher strain values or loading till ultimate failure for these strain
rates to better understand the material behavior.
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4. CONCLUSIONS
The current work discusses the value of natural materials for blast mitigation pur-
poses. X-ray diffraction experiments were conducted on samples from different loca-
tions to determine the mineralogical composition of the material. Tomographic scans
were carried out with compressive loading applied to visualize the porosity in the ma-
terial as well as the fracture through the material. Quasi-staic uniaxial compression
experiments were conducted on a UTM at two different strain rates to characterize
the material at quasi-static loading. Volcanic rock specimens were also subjected to
three dynamic loading rates using split-Hopkinson pressure bars. While a constant
strain rate was not achieved at the lowest dynamic strain rate, the other two rates
provided data that could be used to characterize the material and be compared to
the quasi-static data. The ability of the material to absorb energy was determined
and the modulus of toughness at the different strain rates was calculated.
Silicate materials make up a high percentage of naturally occurring volcanic rock,
and the X-ray powder diffraction patterns were consistent with the expected mineral
composition. Although the patterns were from samples made from different locations
in the original specimen, and therefore contained a variation in minerals, the main
component in both of the samples was quartz.
Considering the quasi-static and dynamic stress strain data for the samples, it
appears that after the initial break of the specimen, the material still has the ability
to carry load. This behavior is critical in blast energy absorption, which depends on
the area under the stress-strain curve. Due to the aggregate nature of the specimen
and porosity of the material, the stress levels obtained are varied in the initial por-
tion of the experimentation. Additionally, these properties cause wide variation in
the loading after the initial fracture of the sample which is why multiple experiments
were conducted. Although this variation in loading exists, the data demonstrates
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that as the strain rate increases, the stress levels in many of the samples are able to
return to higher values at higher strains.
A chemical analysis of the rock specimen would be a useful addition for further
information about this material. While the diffraction patterns provide mineralogical
data, a chemical analysis could find any missed elements as well as help determine
the percentage of each mineral in the specimen. This would enable the direct classi-
fication of the volcanic rock using modern geological terminology.
Further investigation of the material at a strain rate 101 s−1 may be of interest
because this could be the rate of a transition in the material properties and the sus-
tained loading. Finding a way to create thinner samples or using a different way to
dynamically test the material are suggestions to ensure constant strain rate through-
out the specimen.
Investigation of larger strains at a rate of 3× 102 s−1 and at 103 s−1 would enable
more direct comparison between the quasi-static and the dynamic results. To further
characterize the material behavior, it would be useful to find the ultimate fracture
strain for the material and to obtain the entire stress-strain curve. Obtaining the
entire loading curve for the volcanic rock would also enable the comparison of this
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